COX-1/PGE 2 is an important protective mediator in ulcerative colitis (UC). β-arrestin1 (β-arr1), which acts as a scaffold protein, is involved in PGE 2 -mediated signaling pathways. However, the interaction between PGE 2 and β-arr1 in maintaining mucosal barrier integrity remains unexplored. In this study, we demonstrated that COX-1 and PGE 2 were significantly decreased, and EP4 mRNA was downregulated in both UC patients and mice during the injury phase. PGE 2 treatment was found to alleviate mucosal injury and induce EP4 expression during dextran sulfate sodium (DSS)-induced colitis in wild-type (WT) mice. Following DSS-induced injury, β-arr1 deficient mice showed increased signs of colitis compared to β-arr1 WT mice, and the expression of PI3K and p-Akt were remarkably downregulated in β-arr1 deficient mice. In parallel, HCT116 cells transfected with β-arr1 siRNA were examined in the presence or absence of PGE 2 in vitro. PGE 2 treatment in the β-arr1 WT/KO DSS model and β-arr1 siRNA transfection of HCT116 cells confirmed that PGE 2 upregulated β-arr1 in vivo and in vitro. Collectively, our results indicate that COX-1/PGE 2 /EP4 upregulates the β-arr1 mediated Akt signaling pathway to provide mucosal protection in colitis. Thus, these findings provide support for the future development and clinical application of COX-1/PGE 2 in UC.
Scientific RepoRts | 7: 1055 | DOI:10.1038/s41598-017-01169 -6 to the development of experimental colitis and mucosal repair in the process of UC 18, 19 . In addition to their role in receptor downregulation, β-arrs also act as scaffold proteins to accelerate signal transduction in the EP4 pathway. The physical association between EP4 and β-arr1 was demonstrated using bioluminescence resonance energy transfer 20 . β-arrs also have been reported to play a role in cell proliferation, apoptosis and differentiation via several signaling pathways 21 . Additional studies have shown that β-arr1 was involved in the activation of the PI3K/Akt pathway and affects apoptosis or cell survival 22 . In the present study, we found that PGE 2 and the PGE 2 receptor, EP4, were downregulated in both ulcerative colitis patients and mice with DSS-induced experimental colitis. In addition, treatment with PGE 2 alleviated mucosal injury in colitis. We also found that expression of β-arr1 decreased in both human and mice colitis. Targeted deletion of β-arr1 increased signs of colitis compared to β-arr1 wildtype (WT) mice following DSS-induced injury by activating PI3K/Akt signaling. Moreover, PGE 2 contributed to the preservation of epithelial proliferation of experimental colitis by mainly enhancing EP4/β-arr1/p-Akt signaling. Taken together, these findings demonstrated the pivotal role of β-arr1 in the integrity of the PGE 2 -mediated colonic epithelial barrier and provided sufficient scientific evidence to establish EP4/β-arr1/p-Akt signaling as a new therapeutic target of UC.
Results

Expression of COX, prostaglandins and prostaglandin receptors in colitis.
To examine the role of COX in UC, colon mucosal specimens from colitis patients and healthy volunteers were analyzed. The expression pattern of COX-1 mRNA was markedly suppressed in UC patients, whereas COX-2 was significantly increased in the patients' mucosa in the injury phase. Western blotting revealed that colonic specimens obtained from patients with UC displayed reduced COX-1 protein expression, whereas the expression of COX-2 protein was increased (Fig. 1A) . Similar results were found in animal experiments, in which COX-1 mRNA levels and protein levels decreased in DSS-treated mice. When DSS was withdrawn, the expression of COX-1 nearly returned to the levels observed in untreated controls (Fig. 1B) . To further investigate the expression of prostaglandins in colitis, colon mucosal specimens from colitis patients and healthy volunteers were analyzed. As shown in Fig. 1C , the concentrations of PGE 2 , PGD 2 , PGF 2α , and PGI 2 were measured in biopsies of rectal mucosa using an ELISA kit. The PGE 2 concentration in the control group was 207.27 ± 6.8 pg/mg of protein, while PGE 2 concentrations of the patients' mucosa in the injury phase revealed decreased concentrations (127.38 ± 4.9 pg/mg of protein), and these differences were significant (p < 0.05). In contrast, the PGE 2 concentration (213.78 ± 8.7 pg/mg of protein) of the patients' mucosa in the repaired phase showed significant differences compared with the in the injury phase. No significant changes in the expression of other prostaglandins were observed (Fig. 1C) . To further investigate the expression of PGE receptors, EP1, EP2, EP3 and EP4 mRNA levels were analyzed using real-time PCR in human normal colon tissue and colitis colon tissue (injury and repaired phases). There were no apparent differences in the levels of EP1, EP2, and EP3 mRNA between the normal colon tissue and the colitis colon tissue (injury and repaired phases), but a significant difference in the level of EP4 was observed (Fig. 1D) . Furthermore, EP4 mRNA revealed a decrease in colitis during the injury phase. To further study the role of prostaglandins and receptors in UC, DSS was used to induce colitis in mice, and similar results were found in animal experiments (Fig. 1E,F) .
PGE 2 /EP4 alleviates mucosal injury in colitis.
To examine whether PGE 2 /EP4 signaling contributed to injury in colitis, we employed colitis mouse models. Mice were randomly divided into the control group, UC model group, indomethacin group (DSS treatment administered with indomethacin) and PGE 2 group (DSS treatment administered with PGE 2 ). The macroscopic finding of the mice treated with 5% DSS and sacrificed on day 7 showed that the intestines of the mice had edema and hemorrhagic redness all throughout the colon and cecum ( Supplementary Fig. S1 ). In response to DSS treatment, mice displayed features of colitis characterized by a loss in body weight, loose stools and occult blood in the feces. Colonic mucosa suffered from crypt destruction, goblet cell loss and inflammatory cell infiltration. The indomethacin group developed worsened symptoms while the PGE 2 group exhibited clinical symptoms, such as diarrhea and an attenuation of hemoccult. Consequently, PGE 2 significantly suppressed the histological injury and the disease activity index scores ( Fig. 2A) . Immunostaining showed that EP4 and PCNA were increased in mice in the PGE 2 group (Fig. 2B) . Quantification of PCNA-positive cells demonstrated that the proliferation index was higher in the PGE 2 group. Furthermore, epithelial apoptosis, which was stained by TUNEL, was significantly reduced in the PGE 2 group (Fig. 2C) . Expectedly, double labeling of cytokeratin and PCNA, PAS and PCNA revealed that PGE 2 increased the regeneration of epithelial cells and goblet cells. However, double staining of cytokeratin and TUNEL, and PAS and TUNEL demonstrated that indomethacin attenuated the regeneration of epithelial cells and goblet cells (Fig. 2D) . Taken together, these findings further confirm that PGE 2 alleviates mucosal injury in colitis.
β-arr1 is downregulated in active colitis. Immunohistochemistry studies were performed to confirm β-arr1 expression in normal colon tissues and colitis tissues. Moreover, β-arr1 expression was decreased in colonic specimens in UC patients (Fig. 3A) . At both the mRNA and protein levels, β-arr1 expression was examined in normal colon tissues and colitis colon tissues. These results showed that β-arr1 expression was significantly downregulated in colitis colon tissue compared with normal colon tissues (Fig. 3C) . To further study the role of β-arr1 in UC, DSS was used to induce colitis in mice. Interestingly, both β-arr1 mRNA and protein levels decreased in the DSS-induced intestinal mucosa (Fig. 3D) . Simultaneously, immunostaining results of β-arr1 showed little positive signal in the ulceration area compared with the vehicle. However, there were more signals in the non-ulcerative area compared with the ulcerative area (Fig. 3B) . These results suggest that β-arr1is downregulated in colitis in both humans and mice.
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Targeted deletion of β-arr1 exacerbates DSS-induced colitis in mice. The above observations prompted us to use β-arr1-gene-deficient models to further investigate the role of β-arr1 in colitis. To assess the extent and severity of colonic pathological changes, we measured the length of colons from mice subjected and not subjected to colitis. Although DSS-induced colitis resulted in colon shortening in both β-arr1 WT and KO mice, the colon was still significantly longer in β-arr1 WT mice than in the KO mice ( Supplementary Fig. S2 ). Disease activity index scores were significantly lower in β-arr1 WT mice compared with KO mice (Fig. 4D) . (A) COX-1 and COX-2 expression in colon tissues were determined using RT-PCR and Western blotting in the non-UC group (human normal colon tissue), injury group (colitis colon tissue in the injury phase) and repair group (colitis colon tissue in the repair phase); β-actin was used as a loading control (n = 6 per group). *P < 0.05, # P < 0.05 non-UC versus injury. (B) COX-1 and COX-2 expression in mouse colon tissue was determined using RT-PCR and Western blotting analyses in the vehicle group, injury group and repair group. (n = 4 per group) *P < 0.05, # P < 0.05 vehicle versus injury (C) Concentrations of mucosal prostaglandins PGE 2 , PGD 2 , PGF 2α and PGI 2 in of three pairs of representative human specimens. Values are expressed as the mean ± SD (n = 6 per group). *P < 0.05, non-UC versus injury phase.
# P < 0.05 injury phase versus repair phase (D) mRNA expression of EP1, EP2, EP3 and EP4 in the colonic mucosa were evaluated using real-time PCR in the indicated group. Values are expressed as the mean ± SD (n = 6 per group). *P < 0.05, non-UC versus injury phase.
# P < 0.05 injury phase versus repair phase (E) Concentrations of mucosal prostaglandins PGE 2 , PGD 2 , PGF 2α and PGI 2 in the mouse vehicle group, injury group and repair group; The values are expressed as the mean ± SD (n = 4 in each group). *P < 0.05 versus vehicle mice, # P < 0.05 injury group versus repair group. (F) EP1, EP2, EP3 and EP4 mRNA expression in the colonic mucosa of mice were evaluated by real-time PCR in the indicated group. The values are expressed as the mean ± SD (n = 4 in each group). *P < 0.05 versus vehicle mice, # P < 0.05 injury group versus repair group.
Fewer and smaller colonic ulcers were also detected in β-arr1 WT mice compared with KO mice after DSS treatment ( Supplementary Fig. S2 ). Consistent with the overall phenotypic differences in ulcer status, clinical signs and total colon morphology, H&E-stained microscopic sections of the colon revealed marked differences between β-arr1 WT mice and KO mice. In addition, histological analysis revealed substantially less epithelial damage and disruption of crypt architecture in β-arr1 WT mice (Fig. 4A,E) . Simultaneously, immunostaining showed highly positive TUNEL signals in β-arr1 KO mice after DSS treatment (Fig. 4B,F ). Cytokeratin and PAS immunostaining indicated that targeted deletion of β-arr1 exacerbated the regeneration of epithelial cells and goblet cells ( Supplementary Fig. S2 ). Immunostaining studies also showed that the expression of PCNA decreased during colitis periods, and β-arr1 KO mice exhibited significantly decreased levels compared with WT mice (Fig. 4C,G) . These results reveal that the critical role of β-arr1 in colitis is associated with epithelial cell apoptosis. The disease activity index was determined at the indicated time points as described in the Methods. Histological damage after DSS treatment for 7 days was scored after H&E staining as described in the Methods. *P < 0.05 compared with control group mice. β-arr1 activates PI3K/Akt signaling in colitis. Previous reports have shown that β-arr1 is an important signaling scaffold that facilitates the activation of numerous effector pathways regulating cellular proliferation, differentiation, and apoptosis, such as the MAPK and PI3K signaling pathways. The PI3K-Akt pathway plays an important role in many diseases 15 . To confirm whether PI3K/Akt is targeted downstream by β-arr1 in colitis, we used β-arr1 WT and β-arr1 KO mice to induce colitis via DSS. Western blots showed that PI3K and Akt phosphorylation were remarkably downregulated in DSS-induced colitis in β-arr1 WT and KO mice compared with the control group. However, this decrease was markedly exacerbated in β-arr1 KO mice compared with WT mice (Fig. 5A,B) . Similar results were also observed in immunohistochemical staining (Fig. 5C,D) . These results suggest that β-arr1 activates PI3K/Akt signaling in colitis. PGE 2 /EP4 upregulats β-arr1 mediated Akt signaling in vivo and in vitro. Current views indicate that PGE 2 promotes epithelial proliferation after mucosal injury, and we also know that targeted deletion of β-arr1 exacerbates DSS-induced colitis in mice. Based on this knowledge, we investigated whether PGE 2 could improve symptoms in mice with established colitis after DSS treatment. A western blot and immunohistochemical staining showed that Akt phosphorylation was remarkably upregulated in β-arr1 WT mice with established colitis after PGE 2 treatment. In contrast, there was no change in the expression of p-Akt in β-arr1 KO mice after PGE 2 treatment (Fig. 6A-C) . However, in both β-arr1 WT and KO mice, the expression of EP4 significantly increased during colitis periods after PGE 2 treatment as detected by Western blot (Fig. 6A) .
To further confirm these results, the effects of β-arr1 siRNA on EP4 signaling were also examined. Transfection of β-arr1 siRNA reduced the level of β-arr1 protein by 63% compared with that of non-targeting in mouse colonic mucosa in the control group, and ulcer sections and non-ulcer sections in the DSS group (brown, ×200). (n = 6 in each group). (C) The expression of intestinal mucosal β-arr1 mRNA and protein was evaluated in human colonic mucosa in the healthy volunteer group and UC group using real-time PCR and western blotting. Values are expressed as the mean ± SD. (n = 6 in each group). *P < 0.01 versus control group. (D) The expression of intestinal mucosal β-arr1 mRNA and protein was evaluated in the mouse colonic mucosa in the control group and DSS group using real-time PCR and western blotting. Values are expressed as the mean ± SD. (n = 6 in each group). *P < 0.01 versus vehicle mice. DSS: dextran sulfate sodium; Non-UC: healthy volunteers; UC: ulcerative colitis. control siRNA. Similarly, EP4 expression was unaffected by β-arr1 downregulation. After β-arr1 siRNA treatment, the expression of p-Akt was downregulated as shown by cell immunofluorescence and Western Blotting, indicating that silencing of β-arr1 gene expression markedly attenuated the activation of p-Akt and suppressed cell proliferation (Fig. 6D-F) . In summary, these data demonstrates that PGE 2 /EP4 upregulates β-arr1-mediated Akt signaling in vivo and in vitro.
Discussion
PGE 2 is present throughout the gastrointestinal tract and is known to elicit a variety of actions in the gut 23 . However, the role of PGE 2 in the onset or alleviation of mucosal injury is not clearly known. In this study, we demonstrated that PGE 2 treatment alleviated mucosal injury in colitis. We also revealed the role of EP4 receptors and PGE 2 -induced β-arr1/p-Akt signaling in maintaining epithelial barrier integrity.
PGs can protect the gastrointestinal (GI) tract 24, 25 . PGE 2 , the most abundant gastrointestinal prostaglandin, regulates many of the normal homeostatic functions of the gut, including motility and secretion 25 . The versatility of PGE 2 is attributed to its differential local production and its selectivity for EP receptor subtypes (EP1, EP2, EP3 and EP4). Prostaglandins are synthesized through COX-1 and COX-2 and exhibit both pro-and anti-inflammatory effects. COX-1 maintains the integrity of the GI mucosa under physiological conditions, and COX-2 has been implicated in invasive events, such as inflammation 6, 7, 10 . In the present study, DSS treatment resulted in a loss of COX-1 expression in the crypt epithelium and an increase in COX-2 expression 10, 26 . A subsequent study showed that administration of a selective COX-2 inhibitor has no effect on either apoptosis or crypt survival; similarly, radiation of COX-1 deficient mice results in increased apoptosis and decreased crypt survival compared to WT mice 27 . These findings show that PGE 2 produced through COX-1 plays an important role in epithelial homeostasis. The role of PGE 2 in UC is still controversial. Previous study showed that COX-2 derived PGE 2 played the pro-inflammatory role in UC 28, 29 . However, ours and other plenty of evidence showed that PGE 2 release was suppressed in irritable bowel syndrome, radiation-induced small intestine injury, diverticular disease and so on [30] [31] [32] , and PGE 2 protected the gastrointestinal tract through maintaining the mucosal integrity, limiting the inflammatory response and promoting the wound healing 25, 33, 34 . What is interesting, the local PGE 2 level within tissues is difficult to measure due to the short half-life of PGE 2 and the level of intestinal PGE 2 changed dynamicly in mice experimental colitis [35] [36] [37] . Moreover, the reported contradictory mucosal PGE 2 data may be due to the difference in the position of biopsy specimen, scored degree of mucosal injury and the phase of colitis in different researches 28, 29, 38 . In our study, we focused on the COX-1 derived-PGE 2 in the epithelial cells and the biopsy samples were taken from the ulcer edge including the ulcerative tissue and the uninvolved tissue, while other researchers collected tissue samples from the most active inflammatory part of the colon to test the PGE 2 as a surrogate marker 28 . But the cellular origins of these PGs and the relative contributions of COX-1 and COX-2 to their production have not been fully investigated and the precise underlying mechanism of these differences will be explored in our future study. Next, we found that PGE 2 concentration decreased in the injury phase of human colitis, which was the only prostaglandin to show a significant change among the analyzed prostaglandins. In addition, there was a significant change in the EP4 mRNA levels among the analyzed EP receptors. Current views indicate that the PGE 2 pathway has a specific physiological significance in humans, which was highlighted by the finding that the PTGER4 gene, which encodes the PGE 2 receptor EP4, demonstrates a strong genetic association with both forms of IBD 39 . Zhang et al. 40 discovered that inhibiting 15-hydroxyprostaglandin dehydrogenase, an enzyme that physiologically oxidizes PGE 2 to prevent it from binding to prostaglandin receptors, led to improvements in hematopoietic stem cell transplants and colitis recovery during injury. The PGE 2 level has dynamic change process in mice experimental colitis. In a study by Tessner, TG et al. 26 , PGE 2 levels in cecal tissue were diminished after 5 days of DSS treatment, and PGE 2 levels were dramatically increased during recovery from DSS-induced injury. Similar results were found in other reasearches [35] [36] [37] . Kandil et al. 41 suggested that low endogenous levels of PGE 2 predisposed relapses in a rat model of enterocolitis, and supported the anti-inflammatory activity of PGE 2 . A subsequent study showed that mPGES-1 deficient mice (PGES-1 is the terminal synthase for inducible PGE 2 formation) had a greater susceptibility to acute DSS-induced injury, indicating a specific protective role for PGE 2 42 . Taken together, these published studies corroborate our finding that COX-1/PGE 2 /EP4 contributes to the maintenance of mucosal integrity to maintain GI homeostasis.
The EP4 receptor is one of four known G-protein-coupled receptor subtypes for prostaglandin E 2 , which was a G s α-coupled and adenylyl cyclase stimulating receptor 43 . EP4 signaling plays a variety of roles through cAMP effectors 11 . However, abundant evidence from studies using pharmacological approaches and genetically modified mice suggests that EP4 can also be coupled to G i α, phosphatidylinositol3-kinase (PI3K), β-arr or β-catenin 44 . In our study, we found that EP4 receptor expression was downregulated in colitis, but increased after the treatment of PGE 2 in DSS-induced experimental colitis, which contributed to the protection of PGE 2 . Our results showed that EP4 upregulated β-arr1, which protected the colon tissue. It has been shown that EP4 receptors play an important role in suppressing colitis and downregulating immune responses in DSS-induced colitis. Dey I et al. 30 demonstrated that the role of EP4 signaling was different between early onset (pro-inflammatory on colonic epithelial cells) and late progressive stages of colitis (anti-inflammatory on immune cells in the lamina propria). Another study found that the EP4 agonist was effective in the treatment of IBD by enhancing epithelium survival and regeneration after DSS challenge 45 . However, it has been reported that the PGE 2 -EP4 system is the major PG system in preventing mucosal intestinal inflammation caused by DSS 46 . In our study, we demonstrated that human EP4 receptor expression was decreased in colitis. These results support the concept that EP4 contributes to ulcer healing.
β-arr1, which serves as a multifunctional adaptor and scaffold that mediates GPCRs, is expressed ubiquitously in mammalian tissues and mediates many signaling functions 15 . Moreover, it serves as a mediator for various E3 ubiquitin ligases and a transducer of numerous cellular functions, such as membrane-, cytosolic-and nuclear-associated signaling to regulate cellular responses to external stimuli 47, 48 . In addition to β-arr1 mediation of receptor internalization and degradation, previous studies have established that β-arr1 is involved in cell proliferation, apoptosis and differentiation by mediating PI3K/AKT signaling in response to a wide range of stimuli in different cell types 49 . It is now evident that β-arr1 is a critical cell signaling regulator in many inflammatory diseases, including sepsis, arthritis, autoimmune encephalomyelitis, and inflammatory bowel diseases [50] [51] [52] [53] . However, the role of β-arr1 in intestinal epithelial cell apoptosis in colitis remains controversial. A recent study demonstrated that β-arr1 deficiency protected mice from experimental colitis 53 , while another study showed that β-arr1 in the non-hematopoietic compartment (likely epithelial cells) is protective during colitis 54 . The most recent studies have shown that β-arr1 exerts a protective effect in epithelial cells and stem cells 55, 56 . In our study, β-arr1 was found to be decreased in colonic specimens obtained from UC patients and in a mouse colitis model as determined by immunostaining and Western blotting. These findings further confirm that β-arr1 is involved in human and mice colitis and has a protective role. In our study, we found that deletion of β-arr1 exacerbated DSS-induced colitis in mice. Furthermore, PGE 2 protection was only observed in β-arr1 WT mice. These findings demonstrated that β-arr1 plays a crucial role in the signaling process of cell proliferation.
Among the signaling pathways, PI3K/AKT signaling has been proposed to induce proliferative signals in IEC [57] [58] [59] . Previous reports have indicated that PI3K-mediated generation of PI-3, 4, 5-triphosphate recruits Akt to activate proliferation and survival signaling 59 . To investigate the involvement of PI3K signaling in colitis, activation of PI3K, p-Akt and Akt were assessed by western blot analysis. Immunohistochemical staining of PI3K and p-Akt found that β-arr1 activated PI3K/Akt signaling in colitis. To investigate the involvement of β-arr1-mediated PI3K signaling during PGE 2 -induced differentiation, activation of EP4, p-Akt and Akt were assessed by western blot analysis both in vivo and in vitro. We demonstrated that β-arr1 interacted with Akt, which provides a strong basis for PGE 2 /EP4 up-regulation of β-arr1 mediated Akt signaling. In conclusion, the present study revealed that PGE 2 treatment helps to maintain colonic epithelial barrier integrity, and recovers normal expression and distribution of proteins by COX-1/PGE 2 /EP4 up-regulation of β-arr1/p-Akt signaling. Thus, these results suggest that PGE 2 has a favorable therapeutic effect on DSS-induced ulcerative colitis, supporting its future development and clinical application in inflammatory bowel disease.
Materials and Methods
Ethics. All Mice and treatment. All mice used in the animal experiments were approved by the Institutional Animal Care and Use Committee at the Sun Yat-Sen University. The experimental protocols in the present study, including all surgical procedures and animal usages, were performed according to the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health (NIH) and approved by the Animal Care and Use Committee of Sun Yat-Sen University. The original β-arr1 heterozygous mice in the C57BL/6 background were obtained from Dr. Robert J. Lefkowitz (Duke University Medical Center, Durham, NC, USA) as a generous gift. The mice were housed in micro-isolator cages containing wood shavings (3-6 mice per cage) and kept in a temperature-controlled (23 ± 5 °C) and humidity-controlled (50% ± 15%) environment with a 12:12 h light-dark cycle. Eight-to ten-week-old mice were used for all experiments. For colitis induction, mice were exposed to 5% DSS (MP Biomedical, LLC, Solon, OH) in their drinking water. Control mice were allowed to drink water without DDS concurrently. For indomethacin induction, mice were allowed to drink water with indomethacin (Sigma, St. Louis, MO, USA) at a dose of 4 mg/kg/day, which was administered to the animals during the entire experimental period. For PGE 2 induction, mice received PGE 2 (Cayman Chemical, Ann Arbor, MI) at a dose of 200 μg/150 μl/20 g body weight during DSS treatment.
Determination of Disease Activity Index. Disease activity index scores were determined daily during the experiment, as previously described 60 . The extent of colitis, body weight, stool consistency and occult blood in the stool were monitored daily. Body weight was scored as follows: no weight loss was scored as 0; loss of 1-5% weight was registered as 1; loss of 6-10% weight was registered as 2; loss of 11-20% weight was registered as 3; and loss of greater than 20% weight was registered as 4. Stool consistency was scored as follows: 0 was scored for well-formed stool pellets, 2 was scored for pasty and semi-formed stools that did not adhere to the anus and 4 was scored for watery diarrhea that adhered to the anus. Bleeding, which was analyzed by the Hemoccult fecal occult blood test, was scored as follows: 0 was assigned for no blood, 2 was assigned for positive hemoccult, and 4 was assigned for gross bleeding. All of the scores were blindly confirmed by three independent individuals.
Analysis of histology.
Tissue sections (4 μm) of the colon were subjected to hematoxylin-eosin (H&E) for histological analysis. Histological scores were determined blindly based on previously described criteria with antibodies directed against β-arr1 (kindly provided by Dr. Robert J Lefkowitz), EP4, Ki-67, and PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and Cytokeratin-18 (Abcam, Cambridge, MA, USA), respectively. For immunofluorescence (IF) staining, the targeted protein was detected by the corresponding secondary antibody. Antibody-antigen complexes were visualized by incubation with biotin-conjugated secondary antibody and streptavidin Alexa 488 or 594 (Molecular Probes, China), and the nuclei were counterstained with 4′6-diamidino-2-phenylindole dihydrochloride (DAPI, Molecular Probes, Eugene, OR, USA). For double staining, a secondary targeted protein was detected after the initial protein-detection stage on the same slides. For cells IF staining, when the cells after the indicated treatment, they immediately fixed in 4% paraformaldehyde prior to the abovementioned procedure. The proliferative index was measured by quantifying a minimum of 20 randomly chosen fields following p-Akt (Cell Signaling Technology, Danvers, MA, USA) IF staining. The index was acquired by determining the number of p-Akt-positive cells against the total number of cells.
Apoptosis Assays. TUNEL staining was performed using the ApopTag kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. Six mice from each group were examined. TUNEL-positive cells were counted in 100 randomly selected TUNEL-positive crypts as previously reported 60 .
Real-time Polymerase Chain Reaction (Real-time PCR). The mice were sacrificed after different treatments. We collected a piece of distal colon approximately 12 mm in length from the same location in all mice. Colonic mucosa was isolated by careful scraping and total RNA was isolated from the colon tissue using ISOGEN (Nippon Gene, Toyama, Japan). First strand cDNA synthesis was performed from 2 μg of total RNA using the Superscript Reverse Transcriptase (Toyobo Co., Ltd., Osaka, Japan) and random primers according to the manufacturer's instructions in a final volume of 20 μl. Real-time RT-PCR was performed using the SYBR Greenmaster mixture (Thermo Fisher Scientific, USA) on an HT7500 system (Life Technologies, USA), and the reaction mixtures were incubated at 95 °C for 10 min, followed by 45 cycles of 95 °C for 15 s and 60 °C for 32 s. Melting curve analysis was performed to validate the generation of the expected PCR products. Each sample was analyzed in triplicate. The expression levels of each RNA were normalized to that of β-actin. The relative transcription expression of the mRNAs was calculated using the 2 −ΔΔCt method. The expression levels of β-arr1, EP1, EP2, EP3, EP4, COX-1, COX-2 and β-actin in human or DSS-treated mice were determined by real-time PCR using specific primers. Primer sequences are listed in Supplementary Table 1 .
Enzyme-linked immunosorbent assay (ELISA).
The PGE 2 , PGD 2 , PGF 2 α and PGI 2 concentration in biopsies of rectal mucosa were determined quantitatively using human and mice ELISA kits and performed in strict accordance with the manual of the experimental kit. Briefly, the ELISA kit (all from Cusabio Biotech Co., China) was equilibrated at room temperature for at least 30 min prior to preparation of the experimental solutions. A volume of 100 μl of standard solution was added into the reaction plate to produce the standard curve after the standard was dissolved. Next, a volume of 100 μl sample solution was added into each well, and the plate was incubated at 37 °C for 120 min. After washing the plate, 100 μl of freshly made working solution containing biotinylated antibodies was added into the wells and incubated at 37 °C for 60 min. After the second washing, 100 μl of freshly made solution containing horseradish peroxidase avidin was added and incubated at 37 °C for 60 min. The plate was then washed three times consecutively, and 100 μl of substrate solution was added and incubated in the dark at 37 °C for 15 to 30 min. Finally, stop solution was quickly added into the plate to terminate the reactions, and within 5 min. the optical density (OD) values were measured at a wavelength of 450 nm using a multifunction plate reader (Synergy 2; Bio Tek Instruments, Inc., Winooski, VT, USA). The standard curve was generated based on the measured OD values, and the levels of PGE 2 , PGD 2 , PGF 2α and PGI 2 were calculated from the standard curve.
Cell Culture and Transfection. The human colorectal cancer cell line HCT116 was routinely cultured in DMEM/F12 medium supplemented with 10% fetal bovine serum, 30 Uml −1 penicillin and 30 mg ml −1 streptomycin at 37 °C under 5% CO2. Small interfering RNA (siRNA) was performed according to the manufacturer's instructions. The cells were transfected with 20 μM β-arr1 using an RNA oligo kit (GenePharma, Shanghai, China) according to the manufacturer's instructions, and the most effective sequence was selected to achieve a transfection efficiency of >90%. After incubation for 24 h, the transfection medium was replaced with regular culture medium before PGE 2 administration.
SDS-PAGE and Western Blotting.
Proteins extracted from colonic mucosa and cell lysates were analyzed by SDS-PAGE. Separated proteins were transferred to nitrocellulose membranes, then blocked at room temperature for 1.5 hours in Tris-buffered saline with 0.1% Tween20 containing 5% skim milk and probed with primary antibodies at 4 °C overnight, and then, incubated with the appropriate peroxide-conjugated secondary antibody. Finally, images were acquired using ECL detection in a darkroom. The following antibodies were used: β-arr1 (kindly provided by Dr. Robert J Lefkowitz, Duke University Medical Center), p-Akt, Akt, PI3K (all from Cell Signaling Technology), EP4, COX-1, COX-2 (Santa Cruz) and β-actin (Sigma). The blots were detected with enhanced chemiluminescence (ECL) detection system (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and exposed to X-ray film (Fuji Hyperfilm, Tokyo, Japan).The mean pixel density of the blots was analyzed by Quantity One softerware 4.6.2 (BioRad). β-actin was used as a loading control.
Statistical Analysis. Statistical comparisons were made using SPSS20.0. All data are reported as means ± SD.
To compare multiple groups, differences between groups were evaluated using parametric analysis of variance (ANOVA), followed by the Bonferroni's post test. The differences between two groups were determined using Student's t test. P < 0.05 was considered statistically significant.
